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ABSTRACT 
The intent of this investigation is to determine the elevated 
temperature properties of the Al3Ni-Al eutectic fiber composite. Spec-imens were grown from a 6.13 weight percent nickel eutectic alloy. 
Tensile tests were conducted over a temperature range from room 
temperature to ninety-seven percent of the absolute eutectic temper-
ature. The maximum strength of the fiber composite decreased linearly 
from 44,000 psi at 25°C to 5,500 psi at 600°C. These strengths are 
superior to 2024 T6 and 7075 T6 high strength aluminum alloys at 
temperatures above 300°C. The room temperature strength of the as 
cast alloy is approximately 13,000 psi. 
The fiber morphology remained stable and did not appear to 
coarsen throughout the range of test temperatures. Deformation of the 
composite showed a low dependence on temperature and strain rate. 
Thesis Supervisor: John Wulff 
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I. INTRODUCTION 
The development of composite materials is perhaps the most 
promising link in the search for space age materials which can supply 
the multiplicity of superior properties required for the continued 
development of space and hydrospace systems. Composites, in general, 
combine materials with superior specific properties into a single 
system which ideally will have properties nearly identical to the best 
of any of its constituents. The general requirement for a successful 
fiber c.omposite is the ability of the matrix to deform plastically at 
a much lower stress level than the fiber, permitting the matrix to 
transfer load to the fiber. Simultaneously the matrix acts as a binder 
and a protective covering for the fibers. Additionally the matrix 
separates the fibers and acts as a crack arrestor. The result is a high 
strength system with good toughness and low notch sensitivity, combined 
if possible with light weight. 
Interest has mainly evolved around three types of composites: 
mechanically produced fiber composites, whisker composites and direct-
ionally solidified eutectic systems. The latter gives many indications 
of providing the best approach, but is also the least controllable at 
the present time. The application of solidification techniques to binary 
eutectic systems to produce a planar solidification front has resulted 
in the precipitation of a rod or lamellar phase having an aligned 
morphology. Such systems have had a low volume ratio of the constituent 
metals. The composite resulting from the directional solidification 
process exhibits excellent fiber to matrix bonding, particularly 
important in the load transferring process. Fibers can be of long 
length and are not susceptable to breaking during the growing process 
as m;e fibers in the mechanically constructed composites. Presently, 
the growth process is limited to binary eutectic systems having low 
volume fractions of the high strength phase, thus limiting the ulti-
mate strength achievable. Additionally, growth errors result in fiber 
mis-orientation, fiber distortion and depletion at grain boundaries, 
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causing a degradation of properties. The eutectic growth method will 
also require considerable development in the area of fabrication tech-
niques. 
The binary eutectic fiber composite to be investigated in this 
undertaking is the Al3Ni-Al system. Work completed by Lemkey, Herzberg 
and Ford (1) (2) has provided a significant basis for further develop-
ment of this alloy. Their work showed the rod spacing within the ma-
trix to be controllable as an inverse function of the growth rate over 
a range of 2 cm/hr to 13 cm/hr. Fiber spacing varied from 1.3 microns 
to 3.2 microns over this range of growth rates with ultimate strength 
increas.ing with growth rate. Thirteen centimeters per hour was found 
to be the upper limit at which plane front solidification could be 
maintained. The rods produced do not continue straight for long dis-
tances, but are mis-aligned through small angles. The presence of ten 
to eleven volume percent Al3Ni fibers resulted in tripling the tensile 
strength over the as-cast alloy, giving ultimate strengths of the or-
der of 43,000 psi. It was pointed out that the rod-like morphology 
appears to represent the least interfacial energy for the two phases 
combined at low volume ratios. This consideration will be further dis-
cussed relative to the excellent observed stability of the structure 
at high temperatures. Individual Al3~u fibers were separated from the 
matrix and tensile tested, exhibiting ultimate strengths in the range 
300,000 psi to 400,000 psi. 
George, Ford and Salkind (3) studied the effects of tensile 
axis to fiber axis orientation on mechanical properties of the composite. 
Their results showed the strength decreasing as the relative mis-align-
ment increased but remaining above the strength of the as-cast alloy. 
Principal mode of failure was matrix shear with slip planes forming 
parallel to the fiber axis. Specimens tested at mis-orientations greater 
than the critical angle, or the angle at which the matrix is subjected 
to a shear force, fractured by plane shear parallel to the fibers. 
Cleaved fibers were rarely observed. The possibility of the fibers 
acting to tie up slip planes was suggested. 
Information available in the area of elevated temperature be-
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havi.or of the Al3Ni:-Al fiber composite is somewhat limi.ted. It may well 
be that the elevated temperature characteristics. of this. system will be 
its greates.t attribute. As previously mentioned, the likelihood that 
the rod morphology results from the least interface energy considera-
tion also indicates that the two phases are extremely stable, even at 
temperatures· approaching the melting temperature of the eutectic, thus 
preventing the dissolution of the high strength fibers. Results from 
tests. made by Bayles, Ford and Salkind (4) agree with this reasoning. 
Specimens held at ninety-seven percent of the eutectic temperature of 
the alloy for periods of 100 hours showed essentially no degradation 
of the room temperature tensile strength. Some coarsening of the micro-
structure was observed at the highest temperatures but again without 
change in the morphology or strength. Salkind, Leverant and George (5) 
reported the superior stability of the Al3Ni-Al fiber eutectic in their 
recent creep tests at ninety percent of the eutectic temperature. Speci-
mens failed after approximately 100 hours at stress levels of 2,000 psi 
to 4,000 psi, again with no apparent destruction of the fiber morpho-
logy. Some rounding of the ends of broken fibers was noted in the 
vicinity of the fracture but not elsewhere in the specimen, indicating 
that the rounding was probably due to exposure of the fiber ends to 
high temperature and not from breaking down of the structure or 
spheroidization of the Al3Ni. 
It is apparent that considerable interest remains in the Al 3Ni-Al 
fiber composite system. A basis for complete evaluatidn of the material 
is rapidly forming. The intent of the present investigation is to evaluate 
the elevated temperature tensile strength of the material at tempera-
tures from fifty percent to ninety-five percent of the eutectic tempera-
ture and to determine the effects of strain rate on the tensile strength 
at these temperatures. Knowledge of the properties in this area is 
essential to the development of this system or any other eutectic fiber 
composite as a usable engineering material. Additionally, analyses are 
made of morphology, fracture geometry and fiber orientations. 
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II. EXPERIMENTAL PROCEDURE 
In setting up the processes for casting, growing and testing the 
Al3Ni~Al eutectic material it was felt that uniformity of material and 
procedure would be most important in later evaluation of results. 
Consequently the following procedures were set up keeping the above 
criteria in mind: 
A. Preparation of as-cast eutectic 
Ingots of 99.999 percent pure aluminum were cut into suitable 
sized pieces and combined with pure nickel to produce a three pound 
charge of 6.13 weight percent nickel alloy. The charge was air melted 
in a three inch diameter pure graphite crucible using an induction 
furnace. After the charge was completely melted it was allowed to mix 
convectively for fifteen minutes and was simultaneously superheated 
approximately 250°C. The melted alloy was then poured into one half 
inch diameter by eight inch long graphite molds, preheated to 800°C. 
and allowed to solidify. Sufficient material was available in a single 
master melt to produce the required specimens, thus insuring uniform 
composition. Of particular concern during the melting process was the 
possibility of dissolving oxides into the melt and the absorbtion of 
free hydrogen by the aluminum. It is felt that the melt was oxide free 
but that small amounts of hydrogen was absorbed, as will be discussed 
later. 
B. Directional solidification of eutectic alloy 
The one half inch diameter as-cast ingots were machined as 
required to remove casting imperfections and were annealed at 560°C. 
for two hours in preparation for swaging. It was found that swaging 
without prior anneal resulted in surface cracking after one or two 
reductions. The rods were then swaged to a nominal diarr.eter of .241 
inches. The rods were cut into nine inch 1.engths, chemically cleaned 
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and surface etched in one percent hydrofluoric acid. Eight specimens 
were placed in a graphiteboat circumferentially equispaced. The boat 
was mounted vertically on a circulating cold water chill in a vertical 
growing furnace (Appendix B) and melted in an argon atmosphere. Upon 
attaining approximately 30°C. superheat, the withdrawal of the furnace 
at 6.98 cm/hr was begun and the circulating cold water chill at the 
base of the boat turned on. The cooling rate was observed to be ap-
proximately 20°C. to 30°C. using thermocouples mounted in the center 
of the boat. Upon completion of the growing cycle the furnace was 
automatically shut off and allowed to cool to room temperature. Care 
was taken to reduce or eliminate vibration and shock in the area of the 
furnace during the growing cycle to prevent possible growth discontinui-
ties. All growth cycles were run at night to ameliorate effects of vibra-
tion. 
C. Specimen preparation 
Each nine-inch ingot was cut into three 2-1/4 inch pieces, with 
the position of each specimen in the ingot and the position of the ingot 
in the boat recorded. Transverse sections were cut from the top and 
bottom of the ingot, and from between the specimens; and the micro-
structure examined as a check on fiber uniformity and grain size. Tensile 
test specimens were then machined from each 2-1/4 inch blank. The gage 
section was machined and polished to a nominal diameter of .125 inches 
with a one-inch length. Grip attachment was by means of 1/4 - 20 threads. 
Samples were degreased and measurements survey taken. 
D. Tensile testing 
Tensile tests were conducted on an INSTRON testing machine util-
izing a split furnace (Appendix B) mounted independent of the machine 
to achieve an elevated temperature environment. The furnace supplied 
a heat zone of approximately two inches in length with a temperature 
variation of± 1°C. Samples were held in stainless steel grip ex-
tensions which incorporated the necessary thermocouples for tempera-
ture monitoring and furnace control. Samples were tested at strain 
rates of .001, .01 and .1 inches per inch per minute at temperature 
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of 315°C., 48Q°C., 540°C., and 600°C. Samples generally required 15 
to 20 minutes to come up to temperature and were held at temperature 
for approximately ten minutes prior to the start of the test. Measure-
ments of strain were calculated from crosshead motion and recording 
chart speed using a nominal gage length of one inch. After fracture, 
grips and specimen were removed from the furnace and quenched to 
permit reasonable re-cycle time. Samples were immediately inspected 
and rough plots of ultimate tensile strength verses temperature were 
maintained to insure adequate coverage of ranges of temperature and 
strain rates. 
E. Analysis procedure 
Selected specimens were cut to show a transverse gage section 
and the longitudinal section at the fracture. Specimens were mech-
anically polished and etched for ten seconds in a one percent solution 
of hydrofluoric acid. An analysis of mode of fracture, grain size and 
number of grains in fracture cross section, fiber orientation and 
fiber spacing was made and correlated with the tensile strength of 
the specimen. 
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I.II. EXPERIMENTAL RESULTS 
Results of the tensile tests of the Al3Ni-Al fiber composite 
specimens showed the tensile strength to decrease from a value of 
44,00Q psi at room temperature to approximately 5,500 psi at 600°C. 
Figures I, II, and III show the variation of tensile strength with 
increasing temperature at strain rates of .001, .01, and .1 inches 
per inch per minute. The average ultimate strength at room temper-
ature was 44,000 psi while the strength obtained at 315°C. (600°F.) 
and 600°C. (1025°F.) ranged from 18,000 psi to 20,000 psi and 3,500 psi 
to 5,500 psi respectively. When observable, the yield stress was ap-
proximately 40 percent of the ultimate strength. In some specimens 
it was not possible to detect the point of yielding at the higher 
temperature ranges. Strain up to the fracture point at 600° C. _".'7 aS less 
than two percent, while it approached 3.5 percent at room temperature. 
In cases where a yield point was observable the elastic strain was 
approximately .5 percent. Comparison of tensile strengths at each of 
the three strain rates indicates that strength is independent of strain 
rate. Figure IV shows a linear decrease with increasing temperature 
of the maximum strength obtained at any of the three strain rates. The 
greatest variation in ultimate strength over any sampling tested at a 
particular test point was at a strain rate of .1 inches per inch per 
minute and a temperature of 600°C. 
Two types of failures were observed, one fracturing predominately 
across the cross section (Fig. IX-A and IX-B) and the other a high angle 
shear fracture (Fig. IX-C). Hereafter these types of failure will be 
referred to as "tensile" fracture and "sheai.1'fracture., respectively. 
Modes of failure is indicated for each specimen tested in Appendix B. 
When both tensile and shear fractures were observed under the same test 
conditions, the tensile fracture showed increased strengths of up to 
16 percent over the strength of the shear fracture. Some specific cases 
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B-4-A (T) and A-4-A (S). Examination of the micro-structure of the 
specimens revealed that the tensile fracture usually existed in speci-
mens with a single grain across the gage section while those which 
exhibited shear fracture had multiple grains in the gage section. The 
multiple grain specimens were further identified as having been machined 
from the portion of the directionally solidified ingot which was last 
to solidify. There was no correlation between the location of a fracture, 
i.e., shoulder or gage section, and nu..~ber of grains in the specimen. 
Fiber orientation within a grain and across several grains was 
examined. Fiber mis-orientation was approximately O to 3 degrees in 
a singl~ grain (Fig. V), however the mis-orientation between grains 
approached 14 degrees (Fig. VI). Fiber spacing within a grain was two 
microns (Fig. VII). Fiber spacing as well as cross sectional area in-
creased along grain boundaries, accompanied by an irregular distribu-
tion of fibers (Fig. VIII). Some specimens which fractured in a shear 
mode had secondary fractures adjacent to the main fracture. Examina-
tion of the fibers in the area of these secondary fractures revealed 
a fiber rotation away from the plane of the fracture. What is thought 
to be the beginning of a secondary fracture is shown in Figure XI. The 
fracture is internal and does not continue to the surface. An example 
of a secondary crack which is fully developed is shown at two magni-
fications in Figures XIV and XVI. Where fibers are observed to be broken 
at a fracture surface, no rounding off of fiber ends was noted. Some 
tendency of the fiber ends to pull back into the matrix was observed. 
In general, broken fibers were not apparent except at the fracture sur-
faces. Figures X, XII, XIII, and XV show the longitudinal rnicro-
structure of some typical tensile and shear type fractures. 
It was not possible to fix any relationship between fracture 
path and grain boundaries. The shear fracture path cut through grains 
as well as across grain boundaries in the specimens examined, but was 
not clearly observed to follow a grain boundary. 
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I.V. DI.SCUSSI.ON OF RESULTS 
The tensile strengths obtained at elevated temperatures are sub-
stantially greater than the strengths that could be expected from the 
as-cast eutectic under similar conditions. The room temperature strength 
of the as-cast eutectic was reported to be approximately 13,000 psi by 
Herzberg, Lemkey and Ford (1). 
Comparison with available elevated temperature data for 2024-T6, 
7075-T6~ and 7178-T6 high strength aluminum alloys (12) shows the 
Al3Ni-Al composite to be superior at temperatures greater than 280°C. 
At a temperature of 315°C. (600°F.) the Al3Ni-Al composite has an 
average strength of 18,000 psi, more than twice the value for the 
aluminum alloys. Above 315°C. the strength of the aluminum alloys 
drops rapidly. Figure XVII compares the strengths of the above with the 
Al3Ni-Al composite. 
The excellent strength retention characteristics of the Al~Ni-Al 
.) 
fiber composite at elevated temperature is attributable to the stability 
of the Al3Ni rod morphology. Examination of the microstructure showed 
no evidence of spheroidization or other forms of instability after ex-
posure to temperatures up to 600°C. for 15 minutes. No fiber coarsening 
was observable at any temperature. These observations are in substantial 
agreement with results obtained by Salkind, Leverant, and George (5). 
The free surf ace energy considerations which lead to the rod type 
morphology indicate that eutectic fiber systems similar to the Al3Ni-Al 
system will have good stability and strength retention at elevated 
temperatures. 
The defonnation of the specimens showed weak dependence on temper-
ature and virtually no variation that could be definitely attributable 
to strain rate variation. The elongation varied from 3.5 percent at room 
temperature to 2.0 percent at 600°C. In the initial phases of the in-
vestigation there was smr.e speculation that the composite would exhibit 
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The linear decrease of strength with increasing temperature as 
presented in Figure IV is thought to be representative of what could 
be expected from single grain specimens. The variation of strength 
between specimens at the same temperature but different strain rate 
is due primarily to defects in microstructure and not to strain rate 
sensitivity_. 
Modes of fracture conformed to those observed by Herzberg, Lemkey, 
and Ford (2). The high angle shear fracture was observed principally 
in those specimens having multiple grains across the gage section and 
associated large fiber mis-orientations of approximately 15 degrees. 
The calculated critical angle for the Al3Ni-Al composite using an ulti-
mate matrix shear strength of 5,000 psi is 11 degrees (assuming room 
temperature and an ultimate composite strength of 44,000 psi) (Ref. 9). 
In the multiple grain specimens the critical angle was exceeded over 
a substantial area of the cross section and therefore failure by matrix 
shear would be expected. This is supported by observations of fibers 
which have been rotated in areas adjacent to the path of a plane shear 
fracture. The direction of rotation is such as to align the fibers with 
the plane of the fracture. The fiber rotation was caused by shear flow 
in the matrix. An example of this rotation can be observed along the 
secondary fracture line shown in Figure XV. It was not possible to ob-
serve any effects of elevated temperature on the critical angle. The 
critical angle is dependent on matrix shear strength as well as the 
ultimate strength of the composite. If the matrix shear strength de-
creases more rapidly with temperature than the ultimate strength of 
the composite, the critical angle should decrease. The result would 
be increased sensitivity of elevated temperature strength to fiber mis-
orientation. It is probable that any tendency for the critical angle 
to decrease with increasing temperature was not observed in the tests 
conducted due to the large jump from aligned fiber (order of 3 degrees) 
to mis-aligned fibers (order of 15 degrees) with no intermediate 
orientations. 
The mode of failure in specimens having a single grain across the 
gage section was either a cup and cone or a wolf's tooth type fracture. 
This type of failure indicates a tensile fracture of the fibers across 
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the cross section, initiated hy the breaking of one of two fibers and 
spreading across the section. 
The variation of number of grains in the cross section of differ-
ent specimens was correlated to the position of the specimen along the 
length of the ingot. It was found that specimens coming from the bottom 
and middle of the ingot had single grains or few grains while those 
coming from the top had multiple grains (5-30). The location of a 
particular specimen is designated by the following prefixes in the 
specimen number: A-top; B-middle; C-bottom. Preliminary examination 
of microstructure along the length of the ingot showed that the solidi-
fication began with multiple grains but was quickly refined to two or 
three grains within one inch of the start point. The three or less 
grains continued over the remaining length without noticable change. 
The preliminary ingots were five inches long whereas the ingots from 
which the test specimens were machined were nine inches long. It is 
known that the fiber growth is sensitive to vibration and shock as 
well as impurities in the alloy. It is possible that the increased 
ingot length resulted in greater sensitivity to shock, causing growth 
errors. The growing cycles were conducted under similar conditions and 
at night. A more probable explanation is that the increased length was 
sufficient to raise the impurity level ahead of the solidification 
front to a critical value by the time the front reached the last two 
inches. The result would be a breakdown of the plane solidification 
front and a rapid deterioration of microstructure. 
The majority of the specimens tested fractured in the gage sec-
tion. Those which did fracture in the shoulder area.were examined for 
possible defects in fiber morphology in the fracture area. The fracture 
was most often of the cup and cone type, with good fiber orientation. 
Further examination indicated that machining marks existed at the 
lower radius of the shoulder, possibly setting up stress concentrations. 
If this were indeed the case, it is evidence that the notch sensitivity 
of the material increases with temperature. 
Gas porosity was observed in two out of twelve specimens examined 
in detail. Single 'bubbles of pin point si~~e were observed in each speci-
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men. There was no noticable degradation of strength in these speci-
mens. The or_igin of the. porosity was probably dissolved hydrogen 
resulting for air melting and superheating the cast eutectic. 
Summarizing, the. Al3Ni-Al fiber eutectic remains stable at 
elevated temperatures, permitting the fiber strengthening mechanism 
to be maintained. The resulting tensile strength decreases linearly 
with temperature from its maximum room temperature value of 44,000 psi 
to 5,500 psi at 600°C. The tensile strength is sensitive to fiber mis-
orientation. There is no evidence that the composite is strain rate 
sensitive or has superplastic properties. The superior strength of 
the composite over high strength aluminum alloys at temperatures 




1. Al3Ni-Al directionally solidified eutectic fiber composite ex-
hibits tensile strengths that decrease linearly with temperature 
from 44,000 psi to 5,500 psi from room temperature to 600°C. 
2. The retention of strength at elevated temperature is due to the 
stability of the Al3Ni rods. The rod morphology represents the 
least interface energy configuration between matrix and fibers. 
3. Actual strengths obtained and modes of fracture are dependent on 
the degree of fiber mis-orientation and number of grains in the 
cross section. The least mis-orientation exists when the composite 
is in the form of a single crystal. 
4. Deformation of the Al3Ni-Al fiber composite showed low strain 
rate and temperature dependance; therefore the composite does 
not exhibit super-plastic properties. 
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VL. RE.COMMENDATIONS 
1. Methods of reducing growth errors should be investigated so that 
material of consistent morphology can be grown in large sizes. 
2. Tests at elevated temperatures with known amounts of fiber mis.-
orientation should be made to determine sensitivity of the 
c~itical tension axis-fiber axis angle to temperature. 
3. Further investigations of the behavior of fibers at the point 
of fracture are needed to gain a better insight into the matrix 
to fiber load transferral mechanism and the matrix shear which 
results in shear fracture. 
4. Future melting of the Al-Ni eutectic should incorporate measures 
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A. TABULATION OF DATA 
Sample Temp. Strain Ult.Stress % Elong. Type of Location 
oc. Rate psi Fracture of Fracture 
in/in/min 
X-0 R.T. .2 44,500 s s 
X-1 R.T. .2 45,000 s G 
X-2 R.T. .2 36,300 s s 
X-3 R.T. .2 27,700 Bent prior to test 
X-4 R.T. .2 43,500 s G 
X-5 R.T. .2 47,200 s G 
A-3-A 540 .01 4,430 2.1 s G 
A-3-B 580 .01 4,790 2.8 s G 
A-3-C 600 .01 4,170 1.15 s G 
A-4-A 480 .01 6,100 1.55 T G 
A-4-B 600 .1 5,610 Fractured above shoulder 
A-4-C 600. .1 5,750 .7 T G 
A-5-B 540 .1 3,045 1.2 T G 
A-5-C 480 .1 4,100 1.8 s G 
A-6-A 600 .001 2,870 1.18 s s 
A-8-A 600 .1 5,570 1.8 s G 
A-8-B 540 .1 11,430 2.0 T G 
A-8-C 480 .1 12,680 1.3 T G 
A-7-C 480 .1 6,620 2.1 s G 
A-1-C 540 .1 3,850 1.4 g G 
B-1-A R.T. .01 41,200 3.1 T s 
B-1-B 600 .01 3,400 .7 s G 
B-1-C 600 .01 2,790 .85 s G 
B-2-C 315 .1 16,800 3.5 T G 
B-3-A 540 .01 4,600 1.08 s G 
B-3:-C 480 .01 10,900 2.74 T G 
B-4-A 480 .01 7,030 1.56 T G 
B-4-B 315 .01 22,400 3.45 T s 
B-3-B 480 .001 7,750 1.67 s s 
B-5-A 480 .001 5,700 1. 46 s G 
B-5-B 540 .001 6,000 1.67 s G 
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B-6-A 315 .1 9,750 s 
B-6-B 540 .001 4,480 1.26 s 
B-6-C 600 .001 4,070 1.83 s 
'-B-8-A 315 .001 11,700 1.88 s 
B-8-B 315 .01 20,300 3.38 s 
B-8-C 315 .001 17,600 3.63 T 
C-4-A 315 .1 11,250 3.76 T 
C-4-B 480 .1 6,360 1.13 s 
C-8-A 540 .1 6,060 1.41 s 
Sample designation: Prefix-Growth cycle 
Number-Position of sample in boat 




Type of Fracture: S = Shear T = Tension 











B. GENERAL DESCRIPTION OF EQUIPMENT 







Resistance wire-Longitudinal coils. 
Cylindrical, 9 inch diameter, 
16 inches long with 2-1/2 inch 
diameter usable internal bore. 
Vermiculite. 














Resistance wire-Longitudinal coils. 
Split cylinder, 5 inch diameter, 
12 inches long with 1-1/2 inch 
diameter usable internal bore. 
Fire Brick 
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